Based on the developed method of self-consistent calculations the results of description of tunable optical spectra versus temperature and excitation level for the GaSb doping superlattices of different design are presented. Account of the appearing tails of the density of states allows describing the long-wavelength edges and shape transformation in the spectra of absorption, gain, and luminescence and peculiarities in the optical transitions characteristics. Possible laser diode structures with n-i-p-i crystals in the active region are suggested including ordinary and δ-doped superlattices. Effects of tunable lasing are examined and ways for control of the radiation wavelength are discussed.
INTRODUCTION
Doping superlattices with the n-i-p-i crystal type structure belong to semiconductor materials with tunable characteristics. 1 They are grown in the process of periodic doping with donor and acceptor impurities of a semiconductor crystal. Main features of the doping semiconductor superlattices are (a) spatial separation of electrons and holes, (b) tunable energy band gap under excitation, and (c) strong changing the energy state structure in dependence on donor and acceptor distribution and concentrations. When the degree of doping or the excitation power of the superlattices change, the structure of their energy levels undergoes reconstruction and, accordingly, widen absorption and luminescence spectra are transformed. At analyzing the transformation of the emission spectra of n-i-p-i crystals it is necessary to take into account fluctuations of the concentration of impurities, narrowing of the forbidden band and the impurity correlation effects. Moreover, investigation of the change in the optical and electric characteristics of doping superlattices is of importance in determining the performance efficiency of various optoelectronic devices based on them.
In the present work, the energy and emission spectra of doping superlattices are calculated with allowance for the density-state tails arising as a result of fluctuations of the concentration of impurities. Data of self-consistent calculations of the Schrödinger and Poisson's equations are presented. Transformation of electron energy levels and wave functions and variation of the overlap of electron and hole wave functions under excitation of doping superlattices and in dependence on their design parameters are examined in details. The self-consistent calculations of the characteristic tail parameter and the Coulomb electrostatic potential for the doped layers are performed taking into account correlation in the impurity distribution. 2, 3 Based on the developed method of self-consistent calculations the behavior of tunable optical spectra versus excitation level for doping superlattices of different design is studied. Results of numerical simulation of spectra of emission in the GaSb n-i-p-i crystal-based structures are presented and tuning curves for designed laser diodes are examined and discussed.
STRUCTURE AND MATERIAL PARAMETERS
The basic laser structure is defined for growth on the GaSb substrate. 4, 5 The active region (n-i-p-i crystal superlattice) is at the center of the AlGaAsSb waveguide layer of 1 µm-thickness which is surrounded by n-and p-type cladding layers of 2 µm-thickness. The quaternary alloy material of the waveguide and cladding layer is lattice matched to the substrate. Using size parameters of the doping superlattice layers and corresponding dispersion characteristics, it is possible to evaluate waveguide properties of the active region and to determine the optical confinement factor Γ which determines the loss coefficient and required gain level at lasing.
Active region with n-i-p-i layers
Electronic structure of doping superlattices is determined according to the self-consistent procedure of calculations of the eigen states and wave functions of electrons and holes in quantum wells of the n-i-p-i crystal potential relief. Emission spectra depend on populations in the subbands of the quantum wells and the force of optical transitions is rather sensitive to the overlapping of the wave functions. The optical spectra are calculated taking into account the screening of the electrostatic potential and effects of tails of the density of states. [1] [2] [3] Basic data for calculations of the electronic spectra and emission characteristics of the GaSb n-i-p-i crystals include the following parameters. Dopants of p-and n-type layers are acceptors Be and donors Te, respectively, the crystal constant is a = 0.61 nm, energy gap E g = 0.727 eV at temperature T = 300 K, dielectric constant ε = 15.69, corresponding effective masses of current carriers are equal to m c = 0.039m e , m vh = 0.25m e , m vl = 0.044m e , m vht = 0.055m e , and m vlt = 0.115m e . The physical parameters related to the sampled GaSb n-i-p-i laser structures are given in Tabl. 1. Here, it is presented design parameters (thicknesses of p-, n-, and i-type layers d p , d n , and d i , impurity concentrations N a and N d ) and electronic state characteristics (the initial potential profile depth 2∆V 0 and effective energy gap of the superlattice E g0 ') that determine tunability of the emission spectrum of the structure under excitation. Table 1 . Parameters of the GaSb n-i-p-i structures and some tunability spectral data. 
Potential profile
For determining the potential profile of the n-i-p-i crystal, it is preferable to use the approximation of the effective concentrations of impurities. 1, 6, 7 In this case, the depth of the superlattice potential profile 2∆V is determined, for
where d = d n +d p +2d i is the superlattice period. Presented data for n-i-p-i laser structures Nos. 1-4 demonstrate values of the initial depth of the potential relief 2∆V 0 and effective energy gap E g0 ' of superlattices and change of the effective energy gap E g ' = E g -2∆V in dependence on the excitation level of the structures. The excitation factor r is proportional to the non-equilibrium carrier concentration n and is determined as r = n/N d d n . The amplification of the emission occurs at the photon energies near the quasi-Fermi level difference ∆F and the related wavelength λ' follows to the effective energy gap E g ' under excitation. 6, 7 As seen, with increasing the excitation r in the range of 0.4 to 0.8 the wavelength of the amplified emission is tuning in the interval 2.7 to 2.1 µm for different structures. Structure No. 3 belongs to a degenerate superlattice and mid-infrared emission at low excitation will be week.
More detail analysis requires taking into account in calculations appearing nonlinear optical processes in doping semiconductor superlattices at high excitation. Additional ways to control emission characteristics are using the twosection laser structures 8 or cavity configuration of photonic crystal 9 .
STRUCTURE DESIGN AND TUNING CHARACTERISTICS

Laser structure design
More detail analysis is provided for two possible designed n-i-p-i laser structures. Parameters of the active region for design 1 correspond to ordinary configuration of n-and p-type layers, i. Fig. 1 . Selection of the impurity concentrations and mode of their introducing into the layers determines the behavior of the potential relief under the structure excitation and respectively the change in the energy set of emitted quanta hν and variation in the probability of different optical transitions.
The probability of optical transitions is mainly determined by the overlapping of the wave functions of electrons and holes occupying states in the potential relief quantum wells. 1 A set of the squared overlap integrals for most effective transitions for the structures with designs 1 and 2 is presented in Fig. 2 . The calculations have been done in the selfconsistent manner and include transitions between various states in the subbands and minibands of spatially separated electron and hole quantum wells. According obtained results, we can conclude that the δ-doped superlattices are most suitable for the realization of high enough optical oscillator forces and for the receiving a medium with a widen tunable electronic structure in the active region.
Emission spectra and recombination rate
The radiative recombination rate R lum is determined by integration of the spectral radiative recombination rate r lum (hν) all over the photon energies hν at definite difference between the quasi-Fermi levels ∆F and the crystal temperature T. The values of r lum (hν) are connected with spectral spontaneous recombination rate r sp (hν) by the expression lum sp
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The expression for r sp (hν) in the k-selection rule model has the form
Here, A cv is the Einstein coefficient, N p is the number of the superlattice periods, I nmiν is the overlap integral of the envelop wave functions of electrons and holes, f e (E cnmiν ) and f h (E vnmiν ) are the Fermi-Dirac functions for electrons and holes, The function H t (y) is determined by the energy spectra broadening. If the broadening effects in a semiconductor structure are negligible, H t (y) is represented by the Heaviside unit-step function. For heavily doped superlattices, the impurity and intrinsic bands are to be overlapping. Therefore, tails of the density of states appear. 1, 2 In the case of the Gaussian-like tails the function H t (y) has the form H t (y) = erfc(-y/σ cv )/2 3 . Here, The gain coefficient k g (ν) is connected with the spontaneous emission rate r sp (hν) by means of the universal relation
Here ρ(hν) = 8π(hνn r )
v is the density of electromagnetic modes, n r is the refractive index, v is the light velocity in the semiconductor crystal. Therewith, the radiation is considered to be isotropic.
Gain spectra and tuning curves
Gain spectra of the designed laser structures are calculated according probated software. 1 The method of the calculations takes into account of appeared tails of the density of states, screening effects, and self-consistent transformation of the electronic states and wave functions under excitation of the superlattice. Change in the gain spectrum k g (ν) is shown in Fig. 3 .
The presented values of the gain k g are not including the optical confinement factor Γ. The value of the confinement factor depends on the number of superlattice periods and dispersion characteristics of the active, waveguide, and cladding layers of the laser diode. Calculated values of the confinement factor Γ for different laser structure designs (1 and 2) and in dependence on the number of the superlattice periods N p are given in Tabl 2. An example of the intensity distribution of the electromagnetic wave in the active region is presented in Fig. 4 . Tuning curves are calculated for laser diodes which wavelength of the emission is selected in the external cavity, such as the Littman and Metcalf configuration. 10 Trace gas detection with similar tunable sources is easily provided with a multipass cell. 11 The calculation procedure of the tuning curves includes the determination of the sheet photon density S in the active region of the laser source. It is defined as
where j is the current density, k l is the loss coefficient. The value τ nr is introduced for describing a contribution of the nonradiative recombination process and it can be considered to be of 1 µs. [6] [7] [8] In a selective cavity, the lasing wavelength λ corresponds to the equation
For simplicity, selection of the lasing wavelength is examined in the conditions where Γ and k l do not markedly change within the gain spectrum and the pump current density j of the tunable laser source is fixed.
Results of the calculated tuning curves are presented in Fig. 5 . As seen, it is possible for designed laser structures to obtain the lasing wavelength tuning from 1.6 to 2.2 µm with the control of the excitation level. The tuning curve depends on the number of periods of the superlattice in the active region and more wide range of the tuning at room temperature is expected for n-i-p-i structures with high-doped δ-layers. For structure 1, with increasing the number of superlattice periods N p maximum of the photon density decreases. For structure 2, optimal tuning curve is observed at N p = 8.
CONCLUSSION
Using of the developed method of self-consistent calculations provides the detailed description of tunable optical spectra versus excitation level for the GaSb doping superlattices of different design. Results of numerical simulations give 
GaSb
(n-i-p-i) 400 600 800 z(nm) spectra of the emission in the GaSb n-i-p-i crystal structures and corresponding tuning curves for designed laser diodes. For the GaSb-based lasers with n-i-p-i layers in the active region, it is possible to obtain the emission wavelength tuning from 1.6 to 2.2 µm in a selective cavity with increasing the pump current. The tuning curve depends on the number of periods of the superlattice and more wide range of the tuning at room temperature is expected for n-i-p-i structures with high-doped δ-layers.
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